Abstract-In this paper, a monolayer metasurface that can simultaneously generate multi-mode vortex waves in ultra-wideband is proposed. Smooth phase variation is obtained by properly assigning the arm lengths of arrow-shaped metal on the top of the reflective metasurface unit cell. Different reflective cells are arranged in different sectors to form a phase-shifted surface that can convert a linearly polarized plane wave into a vortex wave. The full-wave simulations show that the designed reflective metasurface can generate vortex wave with multi-mode in ultra-wideband from 18 GHz to 42 GHz, which is in good agreement with the theoretical analysis. The proposed reflective metasurface paves an effective approach to generate vortex wave with multi-mode in ultra-wideband for OAM-based systems. Compared to the traditional ways of generating vortex waves, our design has the advantage of wide bandwidth.
INTRODUCTION
Vortex electromagnetic wave has helical wavefront. It carries the orbital angular momentum (OAM) and can be expressed by adding the phase factor e −jlϕ to the plane wave [1] . The topological modes of OAM are mutually orthogonal, which provides theoretically unlimited states for OAM. It paves a new way to solve the problems in the field of communication and imaging [2, 3] .
In 1992 Allen et al. found that the Laguerre-Gaussian (LG) modes carry orbital angular momentum [4] . Since then, the OAM has been intensively applied in the domain of optics [5] [6] [7] [8] [9] . Recently, OAM has been widely applied in optics, while the researches of OAM in radio frequencies move slowly for a long time. Until 2007, Thidé et al. first numerically showed that vector antenna arrays can produce a vortex wave in a low frequency regime [10] . Then, Mohammadi et al. comprehensively studied the vortex waves generated by a circular antenna array [11] . After that, the researches of OAM in radio frequencies attracted more and more attention. In 2012, Tamburini et al. confirmed that wireless communication via vortex waves could become a reality by experiment [12] . One of the most important aspects of OAM-based communication system is how to generate vortex wave efficiently. There are several approaches to generating vortex wave, such as spiral phase plate [11] , antenna arrays [13] [14] [15] , holographic diffraction gratings [16] , circular traveling-wave antenna [17, 18] , circular polarized patch [19] , dielectric resonate antenna [20] , multi-arm spiral patch [21] , and metasurfaces [22] [23] [24] [25] [26] [27] [28] [29] . Among them, metasurface is extraordinarily promising because of its unprecedented capability of modulating wavefronts of the electromagnetic wave. Metasurface was first used to generate optical vortices based on the generalized laws of reflection and refraction [30] . Although fruitful progress has been achieved toward OAM across both optical and radio frequency domains, vortex wave generations are mostly limited to a narrow frequency band.
For OAM-based systems, it is important to design specific configurations to generate vortex waves. Inspired by the above work, we explore the generation of multimode vortex wave by a metasurface in a wide band. In this paper, we first design a metasurface unit cell that can control the phase of the reflected wave in the range of 0 to 2π. Using this unit cell, we design a metasurface which can produce a single-mode vortex wave in a wide frequency band. Based on the design principle of the single-mode vortex metasurface we give a metasurface model which can generate a multi-mode vortex wave in a wide frequency band. Finally, the proposed metasurfaces are illuminated by a normally incident linearly polarized plane wave. The simulation results show good consistency with the analysis and reach the design expectations.
GEOMETRIES OF UNIT AND METASURFACE DESIGN
The metasurface was used to be a vortex wave generator because it can manipulate electromagnetic wave flexibly. In our case, we use the monolayer unit cell, which consists of a metal patch, a dielectric substrate, and a bottom metal backplane for the design of metasurface. With reference to Figure 1 , a unit cell of the metasurface has an arrow-shaped metal layer patterned on a dielectric substrate with a relative permittivity of ε r = 2.65. By adjusting the geometric size of the unit cell, we optimize the design of each parameter of the metasurface unit cell and obtain the superior performance of ultra-wideband. The period length of the unit cell is p = 3 mm, and the substrate thickness is d = 1.5 mm. The metal is set as a perfect electric conductor during the simulation, the thickness of the metal set to t = 0.035 mm, and the linewidth is w = 0. With the control of arm length of arrow-shaped metal l m on the top and rotation angle θ, the unit cell has a reflection phase ranges from 0 to 2π. If we consider twelve units to cover the phase ranges from 0 to 2π. As shown in Figure 2 , the phase difference of adjacent elements remains unchanged in the design frequency band, which confirms a good reflection phase response of the unit cell over the frequency range from 18 GHz to 42 GHz. When the rotation angle θ is invariant the reflection phase changes linearly with the arm length, and when the arm length l m is invariant the phase difference between the two rotating unit cells is π (see Figure 3) . By arranging the unit cells with different arm lengths and rotation angles reasonably, we can obtain arbitrary required phase distribution. Actually, the wideband property of the designed metasurface results from a wideband property of the unit cell. The unit cell with an arrow-shaped metal layer patterned on the top can realize multiple resonances at different frequencies, leading to broadband performance. 
Single-Mode Vortex Wave Generation
The generation mechanism of vortex wave is to add a rotating phase factor e −jlϕ related to the azimuth to the normal electromagnetic wave. For the vortex wave with mode l, when the azimuth angle changes 2π, the phase of the wavefront changes 2πl. We simply arrange N elements around the circle. Each metasurface is composed of multiple concentric rings. The multi-ring structure can be used to make the vortex distribution of the reflected phase map clearer. Then, the phase shift required at each element for the OAM vortex wave at the position P (x n , y n ) can be obtained by:
where k 0 is the wave vector, n the position of the unit, r n the position vector of the element, ϕ n the azimuthal angle of the n element on the metasurface. The linearly polarized plane wave is considered as excitation sources. Therefore, for the position P (x n , y n ) the compensation phase calculated from Equation (1) is φ C n (x n , y n ) = l · arctan(y n /x n ). After the phase parameter is determined, it is easy to get the layouts of metasurfaces that can generate vortex wave with modes l = 1, l = 2, and l = 3 (see Figure 4) by conducting a geometrical mapping process. The metasurface is arranged so as to generate a phase shift that varies azimuthally from 0 to 2πl, thus producing a helicoidal reflected wavefront.
Multi-Mode Vortex Wave Generation
At present, OAM multiplexing technology is usually considered to improve the capacity and efficiency of communication systems. So, it is necessary to produce multi-mode vortex waves. The vortex wave generated by the traditional OAM antenna is usually a single-mode, and more modes can be obtained only by increasing the number of antennas. With antenna array, the design of the system is difficult, and the cost is expensive. In the case of limited space and cost, the method cannot meet the actual needs. In order to solve the problem, we propose a single metasurface to generate multi-mode vortex wave simultaneously. The metasurface that can generate a multi-mode vortex wave is proposed in this section, which is assigned with two regions to generate specific modes. As demonstrated numerically, the reflection phases can be controlled by unit cells. When being excited by a plane wave, the reflect-array could be with different values of mode in each region for the generation of l = 1 and l = 3 modes of vortex wave.
Based on the design principle of the single-mode vortex metasurface, the metasurface unit cells are arranged separately in two different regions. In our case, we consider the 5 inner rings to generate vortex wave with l = 1 and the 5 outer rings to generate vortex wave with l = 3. As shown in Figure 5 , the phase changes 2π in the inner region and 6π in the outer region when it rotates in a circle along the azimuth angle. 
SIMULATIONS AND ANALYSIS
Schemes are designed and simulated using CST Microwave Studio. Figure 6 gives the phase distribution and corresponding magnitude distribution of E-filed on the observation plane at z = 250 mm with different modes at f = 30 GHz. Obviously, the vortex wave with an amplitude null exists in the boresight direction in all cases. From these results, we can see that when mode l is larger, the opening angle of the magnitude distribution along the propagation direction gets bigger. By impinging the linearly polarized plane wave on the reflective metasurface array, the wavefront of the reflected wave will be of helical form. Figure 6 (a), Figure 6 (b), and Figure 6 (c) show the phase distributions of a single-arm spiral, a dual-arm spiral, and a three-arm spiral, respectively, which are consistent with the phase characteristics of the vortex wave with mode l = 1, l = 2, and l = 3. The results reveal that vortex wave with different modes l is effectively generated by the proposed metasurface.
To observe bandwidth properties, we present E-field distributions results of the single-mode vortex metasurface with mode l = 1 from 18 GHz to 42 GHz in steps of 12 GHz. The phase distribution at different frequency points has the characteristic of vortex wave with mode l = 1. The results in Figure 7 show that the single-mode vortex wave can be generated effectively from 18 GHz to 42 GHz. The E-field magnitude and phase distributions with mode l = 3 at propagation distances of z = 50 mm, z = 150 mm and z = 200 mm are shown in Figure 8 . Although the energy of each vortex wave would decrease according to propagation distance, the results of different propagation distances show that the generated vortex wave maintains good stability as it propagates.
The simulation results of single-mode vortex metasurface show that the proposed design method can effectively generate arbitrary mode vortex waves in a wideband, which lays a foundation for the further study of multi-mode vortex metasurface. Then, we consider a multi-mode metasurface illuminated by a linearly polarized incident wave. The simulated E-field results are shown in Figures 9-11 , which verify the good performance of the proposed designs.
Take the results at f = 18 GHz as an example. Figure 9 (a) is the phase distribution in near fields of the multi-mode metasurface. In theory, the simulation results only contain modes l = 1 and l = 3, i.e., the results of multi-mode and cumulative results of single-mode should be consistent. Consider filtering out mode l = 3 from multi-mode results. As illustrated in Figure 9 (b), the remaining phase distribution is the same as that of mode l = 1. The phase distribution after filtering out mode l = 1 from multi-mode results is presented in Figure 9 (c). The phase distribution in mode l = 3 can be recognized clearly. The results at f = 30 GHz and f = 42 GHz are consistent with the foregoing at f = 18 GHz. Figures 9-11 reveal that the designed ring coaxial metasurface can produce vortex waves of multi-modes at the same time.
CONCLUSION
In conclusion, by arranging the metasurface unit cells in concentric circles, we propose a simple design to generate vortex wave based on metasurface in ultra-wideband from 18 GHz to 42 GHz. The proposed design is verified by simulation, and the simulation results agree well with the theoretical predictions. It is found that single-mode l = 1, l = 2, l = 3 and multi-mode vortex wave can be generated when the proposed metasurfaces are illuminated by a linearly polarized plane wave. The proposed metasurface reflectarray is promising for future applications in OAM-based communication systems. Compared with previous work, which can only produce one mode at a certain frequency point or in a very narrow frequency band, the proposed vortex metasurfaces possess more modes and work in a wider band. This work is not only an expansion to the applications of metasurface, but also a simplifier of the vortex wave generation.
